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AHSTIt  ACT 

Coherent  narrowband  infrarod  radar  returns  from  a rotating  target  mounted 
on  a fixed  pedestal  were  analyzed.  The  data  were  recorded  using  the  I'ire- 
pond  radar  facility  with  small -aperture  transmitting  and  receiving  antennas, 
the  target  was  located  at  a range  of  5 km.  The  amplitude  distributions  of  the 
target  returns  were  compared  with  those  from  a spherical  mirror. 
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I.  INTRODUCTION 


Tin-  Kii'i'|iond  intrared  radar  in  a 10.6-pm  wavelength  monoHlatlc  radar  that,  in  its  normal 
configuration,  radiates  and  receives  via  a 48-in. -ilia,  steerable  antenna.  When  observing  tar- 
gets at  long  range,  the  transmission  usually  consists  of  a constant- frequency  pulse  of  4 -msec 
duration,  with  a pulse  repetition  period  of  1f>  msec.  This  duly  cycle  of  one  in  Tour  allows  the 
returns  to  lie  received  with  the  same  antenna,  during  the  transmit  interpulse  interval,  and  to  be 
separated  from  the  transmitted  signal  by  a rotating  multiplexer  disk,  This  technique  cannot  bo 
used  for  measurement  on  models  at  short  range  (say  5 km),  because  oT  the  short  time  delay 
between  transmission  and  reception.  Tor  short  range  measurements,  n blstatlc  radar  config- 
uration is  preferred  since  the  transmit  and  receive  paths  are  separate  and  require  no  multi- 
plexing. Such  a histatic  system  was  set  up  at  the  Ktrepoml  facility  and  used  on  several  occa- 
sions to  record  the  returns  from  models. 

A.  Undue  Configuration 

The  configuration  of  the  radar  transmitting  and  receiving  systems  for  these  measurements 
was  as  follows:  The  output  of  the  1-k\V  transmitter  amplifier  (operating  at  reduced  power)  was 
directed,  via  a series  of  flat  mirrors,  up  to  the  top  of  the  Tire  pond  antenna  tower  and  from 
there  to  the  target  at  a range  of  5 km.  The  returned  signal  was  similarly  transferred,  via  a 
separate  set  of  mirrors,  from  the  top  of  the  lower  to  the  receiver  IK  coherent  detector.  The 
only  lens  in  the  system  was  associated  with  the  detector,  The  diameter  of  the  transmitted  beam 
was  approximately  5 cm. 

For  a beam  of  uniform  intensity,  the  half-power  boamwidth  would  be  0.22  mrad,  giving  a 
beam  diameter  of  t.t  m at  a range  of  5 km.  The  power  in  the  actual  beam  was  concentrated 
toward  tlie  center,  si>  the  actual  diameter  at  the  target  was  probably  1.5  to  2.0  times  this  fig- 
ure. This  beam  was  comparable  witli  the  size  of  the  target,  so  some  variation  in  field  strength 
over  the  target  was  expected.  The  transmitted  beam  was  linearly  polarized,  and  the  detector 
was  polarization  sensitive  and  was  adjusted  for  maximum  sensitivity  on  the  return  from  a cor- 
ner reflector. 

The  transmission  was  continuous  and  the  received  signnl  was  coherently  detected,  digitized, 
and  recorded.  The  sampling  rate,  and  the  number  of  contiguous  samples  processed,  were  de- 
termined bv  the  Doppler  spread  expected  in  the  particular  test  and  the  Doppler  resolution  desired. 

Although  the  radar  configuration  was  bistatic,  the  distance  of  approximately  1 m between  the 
transmitting  and  receiving  ports  was  small  compared  to  the  5-kni  range  to  the  target,  hence  the 
analysis  of  the  returns  was  performed  as  if  the  radar  lmd  been  monostatic. 

H.  Target  Characteristics 

The  target  used  for  the  experiments  reported  here  was  a scale  model  of  a rocket  body  with 
re-entry  vehicle  attached.  Figure  1 is  an  outline  drawing  with  dimensions,  and  Fig.  2 is  a pho- 
tograph of  tlu*  model.  The  model  differed  from  the  drawing  in  that  only  one  of  the  vernier  motors 
and  one  of  the  translation  motors  were  present.  'The  vernier  motor  was  mounted  inside  the  rear 
end  of  the  cylinder  and  protruded  beyond  the  rear  edge.  The  RV  model  appears  to  have  been 
fabricated  from  aluminum  alloy  plate  and  finished  by  machining  on  a lathe.  The  surface  rough- 
ness on  the  RV  model  was  approximately  1 to  2 pm  for  the  spherical  nose  and  3 to  4 pm  for 
the  conical  section.  The  foremost  conical  section  of  the  rocket  body  model  was  also  turned  and 
had  a surface  roughness  somewhat  in  excess  of  5 pm.  The  remainder  of  the  body  did  not  show 
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machining  marks  but  appeared  to  have  been  thoroughly  nhralded  with  fine  abrasive  paper.  The 
main  engine  nuzzle  line!  boon  turned  with  a roughness  In  excess  of  5 pm. 

Since  the  materials  used  in  the  construction  of  the  model,  and  the  surface  finish  obtained, 
were  different  from  those  of  the  full-size  object,  no  Inferences  have  been  drawn  from  this  anal- 
ysis regarding  the  possible  returns  from  the  full-size  object. 

The  model  was  mounted  on  two  vertical  supports  with  the  translator  motor  in  the  same  hor- 
izontal plane  as  the  hotly  axis.  The  supports  were  attached  to  a turntable  which  was  rotated 
about  a vertical  axis  at  a uniform  velocity  The  direction  of  rotation  was  clockwise  from  the 
lop,  anti  the  radar  line  of  sight  (KI.OS)  was  approximately  horizontal. 

II.  ROTATING  MODI:].  KXl'KHtMKNT  22  OCTOHKR  1976 


A.  Returns  from  the  Hotly 
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Figure  1 shows  a Doppler-Timo-lntonslty  (DTD  display  of  the  Doppler  spectrum  of  the  rc- 
turns  from  t,he  model.  These  data  were  recorded  on  22  October  1976  (day  296).  The  rotation 
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rate  of  the  turntable  was  2 rpm,  tin;  sampling  interval  was  10  psec,  and  groups  of  800  samples 
were  taken  at  a spacing  of  32  msec.  This  gave  a Doppler  resolution  of  170  llz  with  Hamming 
weighting,  equivalent  to  a cross-range  resolution  of  8.6  mm.  The  longitudinal  lines  drawn  on 
the  DTI  were  generated  by  a simulation  program  and  represent  the  expected  Doppler  frequen- 
cies of  a number  of  body  features.  At  the  bottom  of  Fig.  3,  starting  from  the  left,  these  lines 
represent  in  order,  (lie  point  of  reflection  on  the  nose  sphere,  the  junction  of  the  nose  sphere 
and  the  RV  cone,  the  junction  of  the  HV  and  the  first  cone  on  the  body,  the  junction  of  the  first 
and  second  body  cones,  the  junction  of  the  second  cone  and  the  cylinder,  the  end  of  the  cylinder, 
and  the  rear  edge  of  the  nozzle,  As  the  model  passed  through  the  zero  aspect  position  (nose 
towards  radar),  the  nose  return  persisted  while  other  returns  desappeared  to  reappear  on  the 
other  side.  The  shielding  of  the  body  features  was  simulated  to  a limited  extent  in  the  simula- 
tion program. 

After  zero  aspect,  lines  corresponding  to  two  additional  discrete  scatterers  on  the  side  of 
the  cylinder  are  shown.  These  represent  the  nozzle  of  the  translator  motor  and  the  front  end 
of  a cable  duct.  A weak  consistent  return  can  be  seen  to  the  right  of  the  simulated  translator 
motor  return;  this  misalignment  indicates  a small  error  in  the  placement  of  this  feature.  A 
weaker  return  Is  coincident  with  the  cable  duct  line.  The  transverse  lines  on  this  figure  rep- 
resent the  positions  of  the  cylindrical  and  conic  surfaces  when  they  are  perpendicular  to  the 
HI, OS.  Features  not  modeled  in  the  simulation  are  the  zero- frequency  return  from  the  mount 
and  surrounding  objects  and  the  supporting  strut  whose  return  is  visible  to  the  right  of  center 
in  the  lower  part  of  Kig.  3. 

The  DTI  is  characterized  chiefly  by  the  identifiable  surface  returns.  The  cylinder  surface 
gave  a return  which  was  generally  low  in  amplitude  except  in  the  region  from  8 deg  before  the 
broadside  position  to  8 deg  after.  The  amplitude  of  the  returns  from  each  of  the  three  cones 
passed  through  a maximum  when  their  surfaces  were  perpendicular  to  the  HI.OS  but  each  also 
showed  some  degree  of  asymmetry.  Note  that  discrete  returns  were  not  generated  by  the  junc- 


tions of  these  sections. 


13,  Returns  from  the  Spherical  Nose 


Figure  t is  a DTI  of  the  data  taken  ort  12  November  1976,  with  compensation  made  for  the 
motion  of  the  spherical  nose.  This  compensation  had  the  effect  of  making  the  nose  return 
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Fig.  4.  DTI  of  rotating  model,  tracked  nose  return,  22  October  1976. 
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slat  ionary  in  Doppler  frcquenev,  The  return  from  the  nn.se  ran  tie  seen  dearly  nt  a Doppler 
frequency  of  I Ml/..  Immediately  before  anti  after  the  time  when  the  object  is  in  the  zero  aspect 
position  (approximately  7-l51ti  see),  weak  returns  can  lie  seen  to  the  side  of,  and  running  paral- 
lel to.  I lie  principal  nose  return.  These  are  apparently  returns  from  the  sperical  surface  at 
very  oblique  incidence  and  are  due  possibly  to  specular  returns  from  the  machining  marks,  or 
to  the  machining  marks  acting  as  a diffraction  grating. 

f igure  5 shows  tlu-  amplitudes  of  the  Doppler  spectra  of  the  signal.  It  can  he  seen  that  the 
spectrum  of  the  tracked  nose  return  is  at  times  as  broad  as  2 kHz  and  that  the  peak  of  the  re- 
turn moves  within  this  range.  It  should  lie  noted  that  the  theoretical  Doppler  spread  over  the 
diameter  of  the  sphere  is  6.  i kHz.  whereas  the  observed  spread  is  approximately  2 kllz.  This 
indicates  that  most  of  the  energy  is  returned  from  an  area  approximately  one-third  the  diatr.  jter 
of  the  sphere.  Note  however,  that  these  data  did  not  include  the  returns  from  the  full  diameter 
of  the  sphere  seen  near  zero  aspect. 

0.  l’eak  Nose  Returns 

Figure  6 shows  the  amplitude  of  the  nose  return  as  a function  of  time.  These  data  repre- 
sent the  maximum  signal  within  the  Doppler  range  of  the  return.  The  large  return  in  the  vicinity 
of  zero  aspect  is  due  to  other  body  features  passing  through  the  Doppler  cells  occupied  by  the 
nose  return.  To  avoid  this  interference,  the  data  were  separated  into  two  lime  intervals,  one 
before  and  one  after  the  interference.  These  intervals  were  then  analyzed  separately. 

It  can  be  seen  from  the  amplitude  plots  that  the  nose  return  has  three  distinguishable  com- 
ponents. These  are  (it  a low-frequency  component  that  is  symmetrical  about  the  zero  aspect 
position  at  7-t5 1 <"> . 5 sec,  (2)  a linear  component  that  increases  about  5 dll  over  the  time  span, 
and  (3)  a high-frequency  component.  The  symmetrical  component  is  largely  due  to  the  varia- 
tion of  the  surface  characteristics  of  the  sphere.  This  sphere  was  machined  by  turning  in  a 
lathe  und  therefore  has  symmetrical  characteristics.  The  slowly  changing  linear  component 
is  probably  due  to  nonuniform  illumination.  The  high-frequency  component  could  be  due  to 
combination  of  the  target  surface,  the  atmosphere,  and  the  radar  characteristics.  One  of  the 
objectives  of  this  analysis  was  to  distinguish  between  these  effects. 

1),  High-Frequency  Component  of  the  Nose  Return 

The  higli-l'requeney  component  of  the  nose  return  was  extracted  by  processing  the  signal 
in  a low-pass  digital  filler  to  obtain  the  zero-  and  low-frequency  components,  and  then  subtract- 
ing these  from  the  signal  to  leave  only  the  high  frequencies. 

The  amplitude  and  phase  error  characteristics  of  the  three-pole  low-pass  filter  used  are 
shown  in  Fig.  7.  The  phase  slope  of  the  filter  at  zero  frequency  was  equivalent  to  a delay  of 
20  samples.  From  the  figure,  it  can  he  seen  that  the  i-dll  attenuation  frequency  is  approxi- 
mately 0.016/T,  where  T is  the  time  between  samples  applied  to  the  filter.  In  this  specific 
test,  T was  0,032  sec,  making  the  3-dll  frequency  0.5  Hz, 

The  various  factors  affecting  the  signal  amplitude  acted  in  a multiplicative  fashion,  that  is. 
the  amplitude  of  the  return  was  proportional  to  the  product  of  various  terms  that  were  functions 
of  the  target  RCS.  the  atmospheric  attenuation,  the  illumination  power  density,  the  receiver 
gain.  etc.  In  removing  the  slowly  varying  components  with  the  low -pass  filter,  the  signal  was 
first  converted  to  decibels  so  that  the  subtraction  of  the  low-frequency  components  was.  in 
effect,  a division.  This  preserved  the  characteristics  of  the  high-frequency  component. 
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Fig.  S . Amplitude  of  Doppler  spectrum,  rotating  model,  22  October  1976. 


Fig.  6.  Peak  nose  return  vs  time, 
22  October  1976. 


Fig.  7,  Frequency  response  of  low -pass 
digital  filter, 


Figures  H alul  9 relate  Ui  tin*  lli'Si'  return  III  tin;  time  interval  before  zero  aspect.  Tito 
upper  section  nf  Fig.  it  shews  the  amplitude  of  the  unmodified  reuirn.  This  is  similar  to  the  Joft- 
hand  section  of  l-'iu,  •'  plotted  to  a different  time  scale.  I lie  c •nler  section  of  Tiff.  8 shows  the 
low-iVetpienev  component  as  extruded  by  the  low-pass  filter,  and  the  lower  section  shows  the 
high-frequency  component  left  after  suhl ract inn  the  low  frequencies.  Figure  9 shows  the  histo- 
gram »if  the  amplitude  of  the  luglt-frequency  eoinponent  and  the  cumulative  amplitude  distribution, 
file  signal  amplitude  has  a mean  of  zero  (since  the  zero-frequency  eoinponent  lifts  been  removed 
I • v the  filter)  and  a standard  deviation  of  2.r  dli,  flic  distribution  is  approximately  symmetrical 
about  zero, 

Similar  plots  for  the  nose  return  in  the  time  period  after  zero  aspect  showed  a standard 
deviation  of  .1,8  till;  the  distribution  was  less  symmetrical,  being  biased  toward  tins  lower 
amplitude. 

T,.  Single-fell  ltd  urn  from  Nose 

The  amplitude  of  the  signal  discussed  in  the  preceding  section  was  derived  Ivy  taking  the 
maximum  within  a range  of  Doppler  cells.  This  did  not  give  a direct  indication  of  the  character- 
istics of  the  signal  within  each  cell.  If  the  surface  of  the  nose  was  rough  compared  to  a wave- 
length, the  return  in  a single  cell  would  be  composed  of  the  returns  from  many  independently 
phased  sentterers.  The  signal  would  then  be  expected  to  have  the  characteristics  of  narrowband 
noise  and  would  have  a Rayleigh  amplitude  distribution.  In  this  section,  the  signals  discussed 
were  obtained  from  the  single  Doppler  cell  that  gave  the  highest  average  return.  These  were 
filtered  and  analyzed  ns  before.  Data  front  the  two  time  segments  were  treated  independently, 
figures  10  and  1 I show  the  signal  components  and  amplitude  distributions  for  the  first  time 
segment.  The  mean  signal  level  is  now  6 dli  lower  than  the  corresponding  peak  signal,  and  the 
st  ttidard  deviation  has  increased  from  2.6  to  5,5  dll.  In  the  Second  time  Segment,  the  mean 
signal  dropped  by  7 dli  ami  the  standard  deviation  increased  from  2.H  to  6.4  dli. 

f.  Comparison  with  Noise  Signal 

To  determine  if  the  high-frequency  component  of  the  signal  amplitude  had  the  character- 
istics of  noise,  a Rayleigh  distributed  signal  was  generated  from  pseudorandom  noise  and 
processed  ill  (lie  same  manner  as  the  nose  return.  A section  of  the  amplitude  history  is  shown 
in  Fig,  12,  and  the  amplitude  histogram  and  cumulative  distribution  in  Fig.  13,  The  standard 
deviation  for  this  signal  is  9.2  dlt.  This  amplitude  distribution  and  standard  deviation  show  a 
good  match  to  those  of  the  single-cell  nose  returns,  indicating  that  the  nose  returns  had  sub- 
stantially Rayleigh  distribution. 

(I,  Returns  from  the  Rocket  Nozzle 

Apart  from  the  nose  return,  the  most,  clearly  defined  return  e.'une  front  the  nozzle  at  the 
rear  of  the  body.  Figut  e 14  is  a DTI  with  compensation  for  the  motion  of  the  nozzle.  This 
compensation  made  the  rear  edge  of  the  nozzle  stationary  in  doppler.  Near  the  beginning  and 
end  of  the  record.  Lite  maximum  signal  came  from  surfaces  that  were  perpendicular  to  the 
RJ  OS,  but  in  Lite  range  of  aspect  angle  45  deg  either  side  of  zero  aspect,  the  rear  of  the  cylinder 
shielded  these  parts  of  the  nozzle.  Within  this  range,  the  returns  were  more  diffuse  since  they 
were  backseat t ered  at  an  oblique  angle.  Ilecausc  of  the  larger  radius  of  curvature,  the  nozzle 
gave  a broader  spectrum  of  diffuse  returns  titan  the  nose.  The  amplitude  of  the  return  is  shown 
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I*' in.  11.  AmpliluiK;  dlsl  ribulion  of  .single 
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Fig.  14.  DTI  of  rotating  model,  tracked  nozzle  return, 
22  October  1976. 
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as  a function  nl1  time  In  Fig.  IS,  This  amplitude  Is  the  maximum  within  the  range  of  Doppler 
cells  containing  tin*  iiuz/de  return.  Since  the  nozzle  returns  were  not  present  near  z.eru  aspect, 
tliu  signals  worn  separated  into  two  time  Intervals  ami  processed  separately  in  the  same  manner 
as  llie  nose  return.  The  amplttuile  histories  and  histograms  rot'  the  first  section  are  shown 
In  Figs,  to  and  17.  The  standard  deviation,  after  removal  of  the  low  frequencies,  was  i!,0  dll. 

The  corresponding  standard  deviation  for  tlm  seeond  seetion  was  2.4  dli.  The  distributions 
were  approximately  symmetrical  on  a deeihel  Seale. 

ill.  FIVF-KM  ft  A NCI  K KXl'KRIM  KNT  16  NOVKMHKil  1976 

A.  Introduction 

The  rolnting-model  experiments  described  above  were  repeated  on  16  November  1976.  In 
addition  to  the  model,  a concave  spherical  mirror  witli  a radius  of  curvature  of  1 m was  mounted 
on  llie  turntable.  This  was  positioned  alongside  the  nose  and  faced  forward.  The  model  was 
rotated  at  a rate  of  1 rpm  with  groups  of  400  samples  being  taken  with  a sample  spacing  of  20  psec 
and  a group  spacing  of  12  msec.  This  gave  a Doppler  resolution  of  170  Ilz  with  Hamming  weight- 
ing. This  corresponded  to  a cross-range  resolution  of  8.6  mm.  Figure  18  shows  the  DTI  of  the 
model  returns.  This  DTI  is  similar  to  that  for  the  previous  data  except  for  the  strong  mirror 
return,  aad  tlv  smaller  returns  from  the  mirror  mounting.  After  the  object  passed  through  the 
zero  asrect  position,  the  mirror  mounting  returns  became  confused  with  the  nose  return.  This 
prevented  a clean  nose  return  from  being  extracted.  Because  of  this  difficulty,  the  nose  returns 
after  the  zero  aspect  position  were  not  processed.  The  mirror  return  was  stronger  than  the 
other  returns  and  was  approximately  10  dU  greater  than  the  zero-frequency  returns  from  the 
stationary  surroundings. 

11.  Returns  from  the  Spherical  Nose 

Figure  19  is  the  DTI  corrected  for  llie  motion  of  the  nose,  while  Fig.  20  gives  a sample  of 
the  amplitude  display  of  llie  Doppler  spectra.  These  single-cell  and  peak  signals  were  analyzed 
as  for  III"  earlier  experiment.  The  standard  deviation  tor  the  peak  signal  was  2.7  dll  and  for 
the  single  Doppler  cell  was  6.0  dll,  The  amplitude  distribution  was  symmetrical  for  the  peak 
signal  and  was  similar  to  that  for  the  Rayleigh  distribution  for  the  single-cell  signal. 

('.  Returns  from  llie  Spherical  Mirror 

Figure  21  is  a seetion  of  the  DTI  of  Fig.  is  with  compensation  for  the  motion  of  the  mirror. 
Figure  22  is  a sample  of  llie  amplitude  displays  of  the  Doppler  spectra.  It  is  obvious  that  the 
mirror  returns  are  stronger  and  are  steadier  in  both  amplitude  and  frequency  than  the  nose  re- 
turns, There  are,  however,  some  small  variations  in  frequency  that  are  probably  due  to  changes 
in  llie  rate  or  rotation.  The  plots  of  peak  signal  amplitude  (maximum  in  Doppler  frequency  space) 
in  Figs.  23  and  21  show  the  signal  to  have  an  amplitude  of  30  dl3  and  a high-frequency  component 
of  0.8  dll  standard  deviation.  The  absolute  RCS  of  a specular  spherical  surface  is  equal  to  the 
area  of  a circle  whose  radius  is  the  radius  of  curvature  of  the  surface.  The  RCS  of  the  mirror 
with  1-m  radius  of  curvature  is  therefore  3.14  or  8.0  dltem. 

The  signal  in  the  Doppler  cell  that  gave  the  highest  average  return  was  analyz.cd  as  before. 

The  standard  deviation  of  the  high-frequency  component  in  the  single  cell  was  found  to  he 
3.2  dB,  the  increase  from  0.8  dB  being  duo  to  variations  in  frequency  of  the  peak  return. 
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Fig.  19.  DTI  of  rotating  model  with  mirror,  16  November  1976 
tracked  nose  return. 
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Fig,  20,  Amplitude  of  Doppler  spectrum,  rotating  model  with  mirror, 
16  November  1976,  tracked  nose  return. 


IV.  KIVK-KM  KANtiK  KXI'KKIM  I IN  I It  UKC  KM  BKK  1976 


A.  Introduction 

In  the  experiment  of  l(i  November,  the  mirror  return  was  present  from  approximately  zero 
aspect  to  9 deg  a.i.ri-  zero  aspect.  Wlu-n  the  nose  was  in  the  same  position,  its  return  could  not 
l)e  separated  from  those  of  the  other  scatterers,  lienee  the  two  returns  could  not  he  measured  at 
the  same  position  in  the  illumination  beam.  The  validity  of  any  comparison  between  the  nose  and 
mirror  returns  would  therefore  depend  on  the  uniformity  of  the  illumination.  A further  experi- 
ment was  conducted  on  1-1  December  which  overcame  this  limitation  by  having  the  mirror  mounted 
close  to  the  nose  .and  oriented  so  that  its  return  would  he  seen  at  an  angle  at  which  the  nose  re- 
turn could  he  easily  separated. 

It,  Returns  from  Nose  and  Mirror 

Figure  25  shows  a section  of  the  DTI  from  the  experiment  conducted  on  14  December.  The 
nose  return  is  at  the  extreme  left,  with  the  short -duration  strong  mirror  return  to  the  right  of  it. 
These  returns  do  not  follow  the  expected  smooth  curves  because  of  variation  in  the  rate  of  rota- 
tion of  the  turntable.  These  variations  were  probably  caused  by  wind  forces  acting  oa  the  model. 
The  perturbations  in  the  Doppler  frequency  precluded  the  extraction  of  a return  in  a single 
tracked  cell,  hut  did  not  prevent  the  peak  amplitude  in  Doppler  from  being  separated  and  analyzed. 

The  standard  deviation  of  the  high-frequency  component  of  the  nose  return  was  found  to  be 
2.5  dll,  and  is  much  the  same  as  the  values  obtained  from  the  previous  experiments.  The  stan- 
dard deviation  of  the  mirror  return  was  1.1  d IT.  as  compared  to  O.H  dll  for  the  returns  obtained 
on  16  November.  The  difference  between  the  amplitudes  of  the  mirror  and  nose  returns  was 
25  dll.  This  is  the  same  as  was  obtained  in  the  previous  test,  indicating  that  the  illumination 
intensity  had  been  substantially  uniform  on  the  earlier  experiment. 

V.  SUMMARY  AND  DISCUSSION 

A.  Summary  Table 

Table  1 summarizes  the  measurements  made.  The  rows  of  the  table  correspond  to  the  in- 
dividual feature  measurements  and  are  divided  into  sections  corresponding  to  the  experiments, 
l our  of  the  columns  correspond  to  the  type  of  measurement  performed.  The  first  column  gives 
the  mean  signal  in  the  Doppler  cell  that  gave  the  largest  mean  return,  and  column  two  gives  the 
standard  deviation  of  its  high-frequency  component.  Columns  three  and  four  give  the  correspond- 
ing values  for  the  peak  signal  in  Doppler  space.  Columns  five  and  six  give  the  theoretical  cross 
sections  ol  specular  and  1 .nmhertian  spheres  of  the  same  radius  as  the  nose.  These  have  the 
same  arbitrary  reference  as  the  other  measurements  and  were  scaled  from  the  mirror  returns 
recorded  on  the  same  experiment.  The  HCS  of  a specular  sphere  is  equal  to  its  physical  cross 
section,  while  the  HCS  of  a depolarizing  l ambertian  sphere  is  1,25  dli  higher.  The  derivation 
of  these  cross  sections  is  given  in  Appendix  !.  The  theoretical  returns  from  the  specular  spheres 
shown  in  the  table  were  obtained  by  scaling  the  returns  from  the  mirror  according  to  the  radius 
squared.  The  returns  from  the  hypothetical  I, nmhertian  sphere  were  obtained  by  adding  1.25  dB 
to  those  of  the  specular  spheres. 
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Fig.  25.  DTI  of  rotating  model  with  mirror,  14  December  1976. 
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H,  IK'S  ol  Spherical  Nose 

II  ran  hr  seen  from  tin1  table  that  in  both  experiments  where  tin*  sphere  was  used,  tin:  punk 
sign.-il  in  Doppler  I'l'iim  tliu  nose  whs  approximately  3.0  <!li  hulow  lliu  theoretical  rclcrii  front  the 
spi-i-nlar  spliuii;,  ami  approximately  I ..I  d|3  hulow  that  for  a !/iml>ortinn  sphere. 

Ollier  ohscrvaiioiis  prriuinitig  10  tin'  nosu  return  that  can  ho  nin<lo  front  thu  lahlu  tiro  given 
hulow. 

(II  Inking  thu  return  in  n single  Uopnler  cull  rather  Hum  thu  maximum  return, 
resulted  in  an  average  drop  in  signal  of  7.1)  dll  and  nn  average  increase  in 
the- standard  deviation  of  thu  high-frequency  component  of  j.i  dli. 

(2)  The  average  standard  deviation  of  the  high- frequency  component  of  tile 
.single-cell  nose  return  was  6.0  dlt.  l itis  in  close  to  the  value  of  6.2  dll 
for  a Rayleigh-distributed  noise-type  signal.  The  amplitude  distributions 
of  t huso  returns  are  also  similar  to  those  of  the  noise  signal, 


C.  Fluctuations  in  Mirror  Return 

The  fluctuation  in  the  return  from  the  spherical  mirror  is  attributed  to  atmospheric  effects. 
Investigations  Into  the  propagation  of  optical  beams  in  turbulent  media  have  been  reported  by 
Lawrence  and  Slohbehn,  and  FnnteJ  in  those  publications,  the  variable  usually  calculated  is 
the  variance  of  the  natural  logarithm  of  the  intensity,  where  intensity  is  a measure  of 

power  per  unit  area.  This  variable  can  he  directly  obtained  from  the  standard  deviation  of  the 
signal  in  decibels  b,y  multiplying  by  0.23  and  squaring.  Thus  the  values  of  c.2  . corresponding 
to  0.8  and  1.1  dll  standard  deviation  are  0.034  and  0.064,  respectively.  These  figures  apply  to 
a two-way  path.  If  there  is  no  correlation  between  the  fluctuations  imposed  on  the  outgoing  and 
return  paths,  the  variance  for  a one-way  path  will  he  half  that  for  a two-way  path.  If  there  is 
total  correlation,  tlu>  one-way  variance  will  be  0,25  times  the  two-way  variance. 

Lawrence  and  Strohbehn " give  an  expression  for  small  values  of  e^j  for  a spherical  wave 
In  a locally  isotropic,  homogeneous  random  medium  as  follows; 


0.50 


c2  k7/6,  11/6 


where  C “ is  the  refractive-index  structure  parameter,  k is  2ir/wavelength,  and  1.  is  the  range 
11  2 

to  the  target.  Solving  for  C and  substituting  for  1.  and  k gives, 


2 

C2  _ glnl 
n 1.64  X 10n 

2 

For  0.8  dM  standard  deviation  on  a two-way  path  and  no  correlation,  for  a one  way  path  is 
0.017.  Then  C 2 --  1.03  x 1 1)"1  5 ni'2// i . For  1.1  d H standard  deviation.  C2  1.94  X 10'15 
m ' , C“  can  vary  from  10*  ' or  less  for  weak  turbulence  to  10"  3 or  more  for  strong  tur- 
bulence . The  turbulence  existing  during  the  experiments  would  be  classed  as  moderate. 


* II.  Lawrence  and  J.  Strohbehn,  "A  Survey  of  Clear-Air  Propagation  Effects  Relevant  to  Optical 
Communications,"  l’roc.  IK EE  58,  152  3-1545  (1970). 

t It.  Fante,  "Electromagnetic  Ream  Propagation  in  Turbulent  Media,"  l’roc.  IEEE  63,  1669-16139 
(1975). 
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AI’I’KN  I >1 X I 

RADAR  (’UOSS  SUCTIONS  OK  SPIIKUKS 

UK  KINITION  OK  RADAR  CROSS  SKCTION 
1 ,et  ft  „ blstalic  angle 

KOOI.p  , 

where  !«*(/()  la  the  power  per  unit  solid  angle  scattered  in  the  bistatic  direction,  lb  ;s  Rio  inctident 
flux  density  per  unit  area,  and  l.p  Is  a polarization  loss  factor  whleit  Is  a Function  of  the  target 
and  receiver  characteristics. 

fU’ATTKK  INti  C 1 1 A R AC  TK  R JST1CS  OK  A Sl’KOUKAH 
SIMIKItICAl.  .SliRKACK 

i.et  the  range  From  the  source  to  the  target  be  time  1 1 greater  than  a wavelength  so  that  geo- 
metric optics  approximation  apply.  Two  cases  are  considered,  the  First  when  the  surface  is 
convex,  and  the  second  when  it  is  concave.  These  are  illustrated  in  Klg.  i-1.  I .fit  n he  the 
azimuthal  angle  of  the  normal  to  an  element  of  area  of  a specular  spherical  surface  or  radius  r. 
It  is  also  the  azimuthal  angle  of  the  direction  of  energy  flow  reflected  from  that  element.  Let 
o he  the  polar  angle  of  the  normal  to  the  element  of  area.  O is  zero  In  the  direction  of  the 
source.  Let  O (n  ) lie  the  polar  angle  at  the  periphery  of  the  spherical  surface.  'The  element 
oT  area  dA  is  given  by, 

<IA  r*"  sin  ()  do  do 


’The  power  incident  on  dA  is 


dl>. 


| |).dA  cos  O • D.r“  sinO  cos  O do  do  for  0 < Of((t  ) 

for  O > Oc  (o  ) 


The  direction  of  the  reflected  energy  How  From  this  element  oF  area  is  (/>,  u ),  where  ft  is  the 
polar  angle  of  the  reflected  radiation. 

ft  20,  d|l  2dO 

The  element  of  solid  angle  in  the  reflected  energy  wave  number  space  is: 
dS2  sin  ft  tier  d|l  sin  (20)  do  (Zdu) 

4 s in  O cos  <1  do  d(v 

The  power  reflected  into  unit  solid  angle  in  the  direction  (ft,  n ) is  given  bv: 

dP.  D.r^  sinO  cost)  do  do  D.r^ 

> L - _J 

s ' ' rl  dfi  4 sinO  cos  O dO  do  4 


Authored  by  II.  .Tones. 
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[n  the  Fircpond  radar,  I lie  polarization  ol' t he*  detector  is  matched  to  the  return  from  the 
specular  sphere.  The  value  of  I p Is  therefore  unity.  The  hlstatlc  cross  section  In  the  direction 
(It,  n ) is 

•Itt  F,(/t,  o ) l.p  irrZ  for  O < 0 (o  ) 

lU-S(fl.o-)  = ~Ti 

' i 0 foro^o  (u-) 

1'or  a convex  specular  sphere,  if  o (<v ) is  equal  to  or  greater  tlian  tr/2  for  all  values  of  a,  then 
the  HCS  is  independent  of  n and  ft.  Thus  a specular  sphere  is  an  isotropic  seatterer  with  RCS 
equal  to  its  geometric  cross  section.  Tor  a concave  specular  spherical  surface,  if  G («)  is 
equal  to  or  greater  than  ir/-l , multiple  reflections  can  occur  and  the  HCS  might  differ  from  that 
given  by  the  expression  above. 


l.AMRKKTtAN  SCATTFItlNCi  THOM  AN  KI.KMKNTA1 , AliKA 

l.et  Tf  he  the  scattered  power  flux  from  an  element  of  area.  If  the  total  scattered  power 
from  this  area  Is  P , then 


Js  *f> 


vf  dn 


where  SI  denotes  a solid  angle. 

The  defining  property  of  a I.ambertian  surface  is  that,  regardless  of  the  direction(s)  of  the 
incident  radiation, 


F,  M 


F (0)  cos  0 for  </><  tr/2 
0 ir/2 


where  0 is  the  angle  between  the  direction  of  emission  and  the  normal  to  the  element  of  area. 
Calculation:  To  obtain  Ff  (0)  in  terms  of  Pg. 


T 


s 


V'(  (0)  - Ff  (0)  cos  0 for  </>  < ir/2 
0 for  0 ">  t/Z 

. dil  - sin  0 do  d(/> 

where  o is  the  azimuthal  direction. 

pfr/2  /i2?r 

1*  ■-  F,  (0)  \ \ cos  0 sin  0 drv  dig 

s 1 '0.0  * o -0 

( • tt/Z 

- 2tt  T*  (0)  ^ s i n v1  cos  0 dig 

' o 

- 2ir  F,  (0)  \ d(sin^'  v>)/2 

f >0 


= trl’f  (0)  . 
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Therefore 


F,  (0)  - 


lJ  cos  u>/t  for  <p  < if/2 


0 for  v>  > ir/2 

Therefore  !•'  f (>n)  total  power  scattered,  times  the  cosine  of  the  ancle  away  from  the  normal, 
divided  by  it. 


MONOSTATIC  RCS  OF  A LAMBERTIAN  SPHERE 

I.et  (i  lie  the  azimuthal  angle  of  the  normal  to  the  element  of  area  dA  on  a Lambertian  sphere 
of  radius  r,  and  O the  polar  angle,  then 

2 

dA  - r sin©  do  do 

'Phe  power  incident  on  dA  is  assumed  to  be  equal  to  the  power  scattered,  that  Is,  the  surface  is 
''white"  rather  than  "grey,"  thus, 

di’,  dP  1).  cos  O dA  - P.r^  sinO  cosfi  dO  do 
i s t t 

The  scattered  flux  per  unit  solid  angle  in  the  direction  of  the  receiver  from  this  element  of  area, 
is  given  by 

dF„  = dP  eosO/ir  = D.r2  sin©  cos2©  d©  do/tr 
I s i. 

since  © = 0 in  this  monostatie  case.  Integrating  over  the  illuminated  hemisphere  gives  the  total 
flux  per  unit  solid  angle  at  the  receiver. 

,>ir/2  ,-2ir  l).r2  pff/2  , 

F.  (0)  = \ \ dF  = (2tr)  (-1/3)  \ d(cos  ’©) 

f ' 0^0  ' o ---0  * ''©=0 

- 2/3  r2n.  . 

The  return  from  a Lambertian  surface  is  randomly  polarized,  so  on  the  average,  the  power 
detected  by  the  polarization  sensitive  receiver  is  half  the  total  power  received.  Thus  Lp  has  a 
value  of  0.5.  The  monostatic  RCS  is 

4*F  (0)  Lp  2 

RCSf  (0)  * ^ = 4/3irr  . 

This  exceeds  the  specular  sphere  RCS  by  the  factor  4/3  or  1.25  dB. 

An  examination  of  the-  more  complicated  integral  for  P ■/  0,  shows  that  for  the  Lambertian 
sphere,  the  bistatic  RCS  decreases  monotonically  to  zero  as  P increases  to  it.  Thus  the  in- 
creased monostatic  RCS  of  the  Lambertian  sphere  is  not  inconsistent  with  the  fact  that  it  inter- 
cepts the  same  total  energy  as  the  specular  sphere. 
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